In order to be able to improve concrete modelling based on its constituent, more knowledge is needed about the material behaviour of these constituents. In this research the focus is on the behaviour of hardening concrete, therefore the properties of hardening cement are of most relevance. Information about cement paste behaviour can be used as input for computer models that are able to represent concrete as a heterogeneous material. During the development of these models the output has to be verified with data from actual concrete. In order to be able to perform measurements on autogenous deformation of cement paste a new test setup was developed. The design is based on the Temperature Stress Testing Machine (TSTM), a setup used for experiments on autogenous deformation in concrete. A device available at the Microlab, called the mini tensile testing machine served as a basis to create the mini-TSTM. The device can either measure the free deformations of cement paste or it can measure the build up of stress in the paste if these deformations are restrained. This part of the research is described in [2] . For the modelling of the heterogeneous material the Delft Lattice Model is used. This is based on a lattice of beams to which different material properties can be assigned. The measured paste deformations from the mini-TSTM are imposed on this lattice as a load. The development of the stiffness (Young's modulus) of the cement paste is taken from Hymostruc, a computer model that determines properties of hardening cement. The material properties of the other concrete constituents, in this case the aggregates, are based on assumptions. The properties and the displacements of the cement develop over time, therefore this model runs a calculation for every time step. With the model simulations of free shrinkage and restrained shrinkage tests on concrete are simulated and the results are compared with the experimental outcome. Qualitatively the results look promising. More tests and simulations are needed to exactly define all the relevant parameters in the model.
INTRODUCTION
Concrete consists of different phases. The properties of this multi-phase composite are a combination of the properties of the individual components plus the properties of the interface or connection between them. If the properties of these components are determined with measurements, the properties of the composite could be predicted with numerical models. In 2nd International Symposium on Advances in Concrete through Science and Engineering 11-13 September 2006, Quebec City, Canada this way it is possible to get the properties of a concrete simply from the mix design. With numerical modelling also a concrete mix can be optimized to obtain desired properties by combining the right components in the right quantities.
One of the main issues that exhibit during concrete hardening is the so-called early age cracking. The relevance of this cracking phenomenon is still increasing due to the growing importance of the durability in concrete design. Early age cracking is induced by both temperature development due to hydration and by autogenous deformation. There are several computer programs available to calculate the stresses caused by temperature development only. Autogenous deformations are not always taken into account in these programs, but in order to achieve accurate results, this should be done as well. In general, there is limited data available to verify these programs and the effect of autogenous deformation on early age cracking. Especially for blast furnace slag cement, frequently used in the Netherlands, limited data is available. In order to be able to conduct more accurate cracking predictions and to prevent degradation of a structure, more knowledge is needed about autogenous deformation.
In [1, 2] a new method, using a mini-TSTM, is described to measure autogenous shrinkage of hardening cement paste and stresses that build up in restrained paste due to shrinkage. The new machine is similar (only a factor 20 smaller) to a full scale TSTM to measure deformations and stresses building up in concrete that has been presented before, see for instance [4, 8, 10] . The tests in full scale TSTM give information on the total deformation of the concrete. This information can directly be implemented into models for simulating the behaviour of structures in which the material is treated as a homogeneous material [9] . However, the aim of this research was to have a model that can be used to optimize the properties of the material. For this the material has to be treated as a heterogeneous material in which the different phases can be given different properties. A Lattice Model [3, 5] in which the microstructure of the material can be implemented directly is used in this research.
The results from the tests in the new mini-TSTM are used as input for the lattice modelling. The behaviour of concrete is predicted with the model and compared with tests on real concrete in a full scale TSTM and ADTM (Autogenous Deformation Testing Machine). Tests in the TSTM are performed with restrained deformation which results in the measurements of the stresses that built up due to autogenous shrinkage. In an ADTM the specimens are free to shrink, which results in the autogenous deformation of the concrete.
In the paper first the basics of the model are explained. Next the input used in the simulations is discussed. Furthermore different relaxation methods are proposed and tested for the lattice model. The results of the simulations of the ADTM and TSTM are presented followed by some conclusions.
BASICS OF THE LATTICE MODEL
Heterogeneous materials have complicated fracture mechanisms, which are related to their microstructure. The use of linear elastic fracture mechanics to analytically describe these mechanisms is very hard, since fracture patterns consist of a main crack, with various branches, secondary cracks and micro cracks. Lattice type models have proved to be 2nd International Symposium on Advances in Concrete through Science and Engineering 11-13 September 2006, Quebec City, Canada successful in modeling concrete crack patterns [3] . In these models a material is discretized as a lattice consisting of small beam (or spring) elements that transfer forces, as can be seen in figure 1. The meshes used are 2D regular triangular meshes. Each of the beams in the lattice can transfer, in general, normal force (F), shear force (Q) and bending moment (M). The relation among these forces and corresponding displacements for the endpoints (i and j in Figure 1 ) of a beam can be expressed as follows:
in which E is Young's modulus, l is the length, A is the cross-sectional area and I is the moment of inertia of a beam element, (u, v) are the translational displacements and Φ is the nodal rotation. For a lattice with a regular geometry, the quantities E, A, l and I are in principle, equal for all elements. However, these parameters can be varied, either element by element or according to a superimposed microstructure, in order to implement heterogeneity.
To construct the system of equations for the complete lattice, each element matrix has to be multiplied by the appropriate rotation matrix and positioned correctly in the system. The final set of equations for the system is of the form:
b Ax = (4) in which b is the force vector, A is the stiffness matrix and x is the displacement vector. If there are N nodes in the system, then b and x are of length 3N and in general a 3N×3N matrix.
When solving the set of linear elastic equations for a lattice under an applied load, the load vector and stiffness matrix are known and the displacement vector is to be determined by solving eq. 4. One method to solve the set of equations is to use a direct solver which finds 2nd International Symposium on Advances in Concrete through Science and Engineering 11-13 September 2006, Quebec City, Canada the inverse of A by Gaussian elimination. In the simulations presented in this paper the displacement vector x is solved iteratively by minimizing the functional G, which has the dimensions of energy,
The loading in case of the simulation of autogenous shrinkage is the deformation of the cement paste. The elements in the mesh representing the paste undergo a predefined dilation which is transferred to prescribed nodal forces in the nodes of the elements. The simulation of fracture proceeds as follows. A linear elastic analysis of the lattice is performed. If the stress in one of the beams exceeds the material strength this beam virtually breaks and is removed from the lattice. Then the stresses in all the beams are recalculated and compared again with their strength, which may result in the next beam to break. If all the stresses in all the beams are lower then their strength the analysis proceeds to the next time step. The simulation of hydrating cement is performed over time, every time step the deformation increases, but on the other hand the strength and stiffness also increase over time.
USED INPUT FOR THE LATTICE MODEL
In order to model fracture due to autogenous shrinkage on a meso-level the Lattice Model explained above is used. The input for this model is collected from several sources. The geometrical shape of the model is taken from a real piece of concrete. The strength, stiffness and strain development are taken from the Hymostruc model [4] and from tests done with the mini-TSTM [2] . Besides this, assumptions concerning the relaxation of the cement paste are made on the base of the literature and the displacement-controlled tests done with the mini-TSTM. In this paragraph the information from these data-sources and the way they are processed will be clarified.
For the geometrical input it is necessary to have an image of concrete in which cement paste and aggregates are present and clearly distinguishable. In this research the aggregate cement paste matrix is based on a real piece of concrete in order to be able to get a relation between the laboratory work and the building practice. The images of concrete used in this research are taken from slices originating from the TSTM and the ADTM test specimens and from a core drilled at a viaduct in the A59 highway in the Netherlands. The procedure to get a lattice based on these slices is as follows. A picture is taken from the concrete surface of one of the slices (figure 2). Using an image processing tool this picture is transferred to a binary image. This binary image can be transformed into a lattice representation (with 34000 elements and the same amount degrees of freedom) as shown in figure 2. The 2D lattice has a height and width of 70 mm and consists of regular triangles. The three different shades represent the different characteristics of beams forming the matrix. Light grey represents the cement paste, dark grey represents the aggregates and black represents the ITZ. The strength and stiffness of each of these components can be assigned with the Lattice program. In this research the strength and stiffness of the cement paste and the ITZ are varied (increased) through time, while the autogenous shrinkage of the cement paste is imposed as a load on the concrete.
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The stiffness of the aggregates is 70 GPa and the strength is 10 MPa. The stiffness of the cement paste at different time steps can be given as input for the program. The stiffness of the ITZ is assumed to be the same as the cement paste. The strength of the cement paste and the ITZ are deducted from the stiffness at that time step compared to the final stiffness. This can be written for each time step with the following formula:
The value for ft (t end) can be given as input for the program. The default value for this parameter is 4.0 N/mm 2 for cement paste and 1.0 N/mm 2 for the ITZ [5] .
The lattice is loaded with the autogenous deformation of the matrix and the ITZ. The deformation of the ITZ is assumed to be similar to the deformation of the cement paste. It is also possible to give the properties as function of the distance of a beam element to the nearest aggregate as is used in [5] . This deformation is taken from the test results from the mini-TSTM. The stiffness of the lattice can be taken from Hymostruc or the laboratory tests. This means that in every time step the properties of the matrix (stiffness and strength) changes (increases) and the loading from the autogenous deformation changes (increases). The global development of these properties over time can be seen in figure 3 . Obviously the aggregates have constant properties over time and only restrain the deformations imposed by the cement paste. 
The boundaries of the lattice can be either free or periodic. Periodic means that the top of the lattice is connected to the bottom and the left side to the right side. Periodic boundary conditions present a more realistic approach in simulating a continuous piece of concrete, compared to fixing the boundaries at one place. Periodic boundaries will lead to more stress generation, compared to free boundaries because more deformations are restrained. Free boundaries lead to more deformation of the total cross-section as can be seen in figure 4 . If the tensile strength of one of the beams of the matrix is exceeded by the stress, this beam will be removed. Depending on the boundary conditions, it is possible to simulate different situations. With free boundaries it is possible to translate free paste deformation into free concrete deformation. In this case the paste deformation is used as input for the simulation. The length change of the concrete cross section is the effect of shrinkage of the cement paste on the concrete deformation. Due to the fact that the aggregates hinder the paste deformation the concrete deformation will always be smaller in comparison to the paste. With the Lattice Model it is also possible to estimate the generation of stresses inside concrete due to autogenous deformation. This simulation is done with periodic boundary conditions. If the stress in the paste due to autogenous strain does exceed the strength, the concrete will crack. In case of free boundaries the cracking will be minor. Only micro-cracks develop at the interface between aggregates and matrix and some cracks between the particles. In case of fixed boundaries the stresses in the paste are much higher and cracks localize in an early stage of the process and the concrete breaks apart. The deformed and cracked meshes of both a simulation with free and periodic boundaries are shown in figure 4 . In both simulation the analysis is run until 800 elements are cracked. In the case of periodic boundaries this is at an earlier time step than in the case of periodic boundaries. In figure 5 the cracked elements are shown. It can be seen that in the case of free boundaries the cracks are distributed through the cross section. Around all the aggregates micro-cracks appear. The mechanism leading to cracking is mostly the shrinkage of the paste around the stiff aggregates, see also [7] . In the case of fixed boundaries the cracks localize in connected cracks in both directions. The amount of distributed micro-cracks is limited. The cracks are mainly the result of the restrained deformations of the complete sample, rather than the 2nd International Symposium on Advances in Concrete through Science and Engineering 11-13 September 2006, Quebec City, Canada restraining by the stiff aggregates. The crack patterns resemble the cracks obtained in the full scale TSTM and ADTM tests performed on concrete as described in [1] and explained in the introduction of this paper, see figure 6 . In the case of the ADTM test where free deformation is possible interface cracking and inter-particle cracking is observed in random directions. In the case of the TSTM the specimen did not break completely during the tests, however after the test internal cracking was observed. The cracks had a preferential direction, which is perpendicular to the direction of restrained deformation, see figure 6. 
ASSUMPTIONS ON RELAXATION
For the simulations performed in the next section the development of stiffness is simulated with the latest version of Hymostruc [2] in which it is possible to add fillers and in such a way simulate the hydration of blast furnace slag cement. The development of the stiffness can be seen in figure 7 . 
Instant relaxation
The most simple relaxation model is the instant relaxation model. It assumes that a certain percentage of the applied stress will relax immediately. Besides this there is no reduction of stress over time. This is a very simplistic model, but is has led to satisfactory results in the past [5] .
Relaxation based on degree of hydration
The degree of hydration is an important parameter in cement hydration, it gives information about the amount of cement that has reacted. Material properties are therefore often related to the degree of hydration. For this model the super positioning method has to be applied [6] . This means that the stress in a time step can be found by addition of all the stresses originating from previous time steps. The relaxation is the part of the stress that has disappeared in the next time step. The stress left after one time step of relaxation is represented by ∆σ(t). 
All these stresses from each time step are added up to give the total stress at a certain point in time.
2nd
Van Breugel [6] has presented a model for the determination of the relaxation factor based on the degree of hydration. The relaxation factor is presented by the following formula:
with: τ = time when the stress increases wcf = w/c-ratio This relaxation coefficient is used as input for the Lattice model. It is used as a factor, which determines what part of the stress from the previous step is still present in the current step.
Relaxation based on the Young's modulus
A third method to model relaxation is implemented. It is based on the Young's modulus. The Young's modulus can be taken as an indicator for the development of the material properties of the hardening cement paste. An argument to base the relaxation factor on the stiffness is that the two are closely related, after all the relaxation is the amount of stiffness lost through time. This relaxation model is empirical and only holds for the young phase of cement hydration. It is based on the Young's modulus and the duration of a time step.
In the simulations of autogenous shrinkage presented in the next section all three relaxation models are applied.
SIMULATIONS OF AUTOGENOUS SHRINKAGE
With the model the deformations measured on the cement paste [1, 2] are taken as input to simulate the behaviour of concrete. The measured shrinkage of a cement paste with CEMIII/B [580 m 2 /kg] is used with a w/c ratio of 0.44. First a simulation of a concrete sample with free boundaries is performed. The deformed mesh is shown in figure 8 . The stresses in the mesh are indicated with colours. A red colour means a high stress, a blue colour means a low stress. The high stresses are concentrated around the aggregate particles. The total deformation of the concrete cross-section is plotted versus time in figure 9 . The deformation is taken as the difference between the left and the right side of the lattice. In this graph the used input from the cement paste can be seen and the output of the concrete deformation according to the Lattice model is given. The ratio between the paste and the concrete deformation after one week is 66%. The test results from the TSTM test performed on concrete showed a deformation of the concrete of 8% [1] . One of the important differences between the model and the real concrete cast in the TSTM is the amount of cement paste present in the matrix. The amount of paste in the lattice model is about 68%. Where as in the used concrete mix it is about 28%. The effect of the relative amount of paste is double. On one hand the paste deforms, so more paste results in more deformation. On the other hand more paste means less aggregates, so there are less restraints. This results shows that the information of the microstructure is a very important parameter when used in the simulations. It should be taken into account very accurately in order to obtain quantitatively good results. The drops in the simulated stress curves are due to cracking inside the material. It should be noted that the specimen in the TSTM test did not fail. Only micro-cracks where observed after the test. The relaxation models that are implemented are not tested fully yet. Only a few trials are done. It was not the intention of this research to compare the three models and to fit the relaxation models to the real material behaviour. This will be done at a later stage when also more tests are available of both mini-TSTM and full size TSTM. In the simulations performed up to now the concrete specimens always crack. A cracked specimen is shown in figure 11 . It can be seen that cracking occurs in more than one direction. Note that the specimen has periodic boundaries in both directions, while in the TSTM test only restraining was applied in one direction. The fact that through cracks occur means that probably more relaxation has to be used, especially at very early ages. Also the amount of paste which is larger than in the real concrete can influence the result. In figure 11 also the stresses are plotted with colours. It can be seen that the stress around the particles and at the tip of the cracks is high. Furthermore it can be seen that the stress is low at both sides of the crack, where the elements are dark blue. In the un-cracked part the stress is higher.
Figure 11: Cracks and stresses in a concrete sample due to autogenous shrinkage as simulated with the lattice model.
CONCLUSIONS
The research presented in this paper was on the development of a tool to measure the autogenous deformations directly from the paste which can then be used as input for a heterogeneous model to predict the behaviour of concrete. The new testing equipment and the experimental research is described in [2] . The predictions with the model are described in this paper.
The results from the mini-TSTM are implemented in the Lattice computer model. Preliminary results show that the computer model basically works well. Although at the moment the results don't show a very accurate relation between the laboratory results from the paste and the concrete. The concrete deformation calculated by the model is very high compared to the TSTM results. One of the causes is probably the high paste content in the simulated concrete.
The real concrete has a paste content of 28% of the volume, while the model has a paste content of 68%. The small particles in the concrete are not included in the simulations. The results from the computer simulations with periodic boundary conditions show a high stress generation due to the autogenous deformation. This results in very early cracking of the concrete, while the sample from the TSTM doesn't crack. The stress development does show similarities with the TSTM so with a better relaxation model this approach has potential. Besides these effects the computer simulations from both the free and the restrained situations are run with some models assumption which are not verified at this point. In the future a parameter study will be performed to get more insight in the importance of these parameters. Also more tests will be performed to have more reliable data to use for the parameter determination.
